Despite the recent progress on two-dimensional multilayer materials (2DMM) with weak interlayer interactions, the investigation on 2DMM with strong interlayer interactions is far from its sufficiency. Here we report on first-principles calculations that clarify the structural evolution and optoelectronic properties of such a 2DMM, multilayer silicene. With our newly developed global optimization algorithm, we discover the existence of rich dynamically stable multilayer silicene phases, the stability of which is closely related to the extent of sp 3 hybridization that can be evaluated by the average bonds and effective bond angles. The stable Si(111) surface structures are obtained when the silicene thickness gets up to four, showing the critical thickness for the structural evolution. We also find that the multilayer silicene with π-bonded surfaces present outstanding optoelectronic properties for the solar cells and optical fiber communications due to the incorporation of sp 2 -type bonds in the sp 3 -type bonds dominated system. This study is helpful to complete the picture of structure and related property evolution of 2DMM with strong interlayer interactions.
Two-dimensional multilayer material (2DMM) is a kind of important nanomaterial. By far 2DMM with weak interlayer interactions, such as graphene, MoS 2 , black phosphorus, etc., have been extensively investigated for their fascinating properties [1] [2] [3] , whereas those with strong interlayer interactions are barely explored. The two-dimensional structure of Si (silicene), which has been both theoretically predicted and experimentally synthesized [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , can be an ideal material for such investigation. Despite the extensive studies on monolayer silicene [15] [16] [17] [18] [19] [20] , the investigation on multilayer silicene is far from its sufficiency. Although a few theoretical investigations have been performed on the freestanding bilayer silicene [21] [22] [23] [24] , the mechanism for the relative stability among the obtained phases has not been understood.
Moreover, bilayer silicene can be either metal or semiconductor depending on the specific stacking structures [22] [23] [24] , while the underlying mechanisms have not been clarified. Also, the structural and electronic properties of thicker freestanding multilayer silicene are still to be explored.
On the other hand, Si surfaces are premier stages on which the fabrication of most electron devices is achieved. The atomic layers of Si(111) surface has the hexagonal network in the lateral plane, and thus the similarity and dissimilarity between the multilayer silicene and the surface atomic layers of Si(111) surface are intriguing. Actually the cleaved Si(111) surface shows 2 × 1 periodicity and then its annealing converts it to the more stable 7 × 7 periodicity. The 2 × 1 phase has been identified as the π-bonded chain structure [25] and a dimer-adatom-stacking-fault (DAS) model [26, 27] is now established for the 7 × 7 phase [28, 29] . It is important and interesting to clarify structural evolution between the silicene and reconstructed surface phases in the multilayer Si.
Although the majority of solar cells fabricated to date have been based on the threedimensional (3D) Si, it is well known that 3D Si is not an ideal material for optoelectronic applications due to its large direct band gap (3.4 eV [30] ). Because of the excellent compatibility with the mature Si-based microelectronics industry and high abundance of Si, the discovery of multilayer silicene materials with excellent optoelectronic properties may lead to revolution in future optoelectronics technology.
In this work, by performing extensive calculations for the multilayer silicene from bilayer to quadlayer, we clarify the structural evolution and the outstanding optoelectronic properties of multilayer silicene. Searches for the stable multilayer silicene phases are performed using our newly developed global optimization algorithm code (IM veloped based on Differential Evolution. We consider the structures with a different number n of Si atoms in the unit cell (2 ≤ n ≤ 36). The population size is set to be 20 and the number of generations ia fixed at 15 in usual cases. The structural relaxations are performed using the Vienna ab initio simulation package (VASP) [32] . The stability of the obtained phases are verified by the phonon calculations [36] . The final accurate calculations of the energy bands and optical spectra are performed using the HSE06 functional as implemented in VASP.
With the IM 2 ODE code, we have performed extensive searches for the most stable phases of silicene from monolayer to quadlayer. We have obtained several new monolayer silicene phases [ Fig. S1 ] which are energetically stable to the well-known low-buckled honeycomb phase [4] , but they are unstable from the phonon calculations. This shows that the lowbuckled honeycomb structure is the most stable monolayer silicene phase.
The most stable bilayer silicene phase we have obtained is the hex-OR-2 × 2 structure with the cohesive energy (E c ) being 5.073 eV/Si [ Fig. S2(a)] [37], which is the same as that obtained in previous work using the structural exploration method [24] . Since this phase presents the P-1 symmetry, here we denote it as the P-1-2 × 2 phase. We have also reached the slide-2 × 2 (E c =5.063 eV/Si) and Cmme-1 × 1 (E c =5.000 eV/Si) phases as previously reported [23, 24] , which are the secondary most stable and the most stable phases with peri- also verified the stability of the trilayer 7 × 7 silicene phase with the initial surface structure being the same as the 7 × 7 Si(111) surface with DAS model [26, 27] . After geometry optimization, however, the geometry distorts a lot. This shows that trilayer silicene is too thin to reproduce the complex 7 × 7 Si(111) surface structure.
We have then explored the stable phases for the thicker silicene, i.e., the quadlayer silicene. This is consistent with the fact that the 7 × 7 reconstruction is more stable than the 2 × 1 reconstruction in Si(111). The above results show that quadlayer is the critical thickness for the structural transition from silicene to Si(111) surface.
Although multilayer silicene phases are rich and complex, their structures can be roughly characterized by using the average bond number (ABN) [41] and average effective bond angle (AEBA) [42] . For instance, the ABN in both Cmme-1 × 1 and C12/m1-√ 2 × √ 2 bilayer silicene is 4.00 since all the Si atoms are fourfold-coordinated, whereas it is 3.75 in the P-1-2 × 2 and C12/m1-2 × 2 bilayer silicene since 25% Si atoms are threefold-coordinated and the remaining 75% Si atoms are fourfold-coordinated ( The electronic properties of the multilayer silicene phases are further calculated. It is found that the Cmme-1 × 1 and C12/m1-√ 2 × √ 2 bilayer silicene are metallic (Fig. S4) [37], whereas the P-1-2 × 2 and C12/m1-2 × 2 bilayer, the P121/m1-2 × 1 and P1-2 × 1 trilayer, as well as the P1m1-2 × 1 quadlayer silicene are indirect semiconductors with the band gaps varying from 0.4 to 1.3 eV (Fig. 2) . From the structural details, the s-p orbital hybridizations in the former two metallic phases are distorted a lot from the ideal sp (Table. 1), being very close to their indirect band gaps. This implies the outstanding optoelectronic properties of them for the applications in the optical fiber communications and the solar cells, where the required optimal band gaps are 0.8 and 1.5 eV, respectively.
It is well known that the imaginary part of the dielectric tensor ε 2 determines the absorption ability of a material. The calculated ε 2 of the semiconductor multilayer silicene phases are shown in Fig. S5 [37]. After careful analyses, it is found that the optical absorptions in all these phases start at the direct band gap. This implies that the P-1-2 × 2 bilayer silicene (DBG=1.5 eV) and P1-2 × 1 trilayer silicene (DBG=0.9 eV) are suitable for the solar cells according to the Shockley-Queisser limit [43] , whereas the C12/m1-2 × 2 bilayer silicene (DBG=0.5 eV), P121/m1-2 × 1 trilayer silicene (DBG=0.5 eV) and P1m1-2 × 1 quadlayer silicene (DBG=0.7 eV) are suitable for the fiber communications.
We have further calculated the optical absorption coefficients of the semiconductor multilayer silicene phases and compared them with that of GaAs, the conversion efficiency of which is the highest among all the thin-film solar cell absorbers. As shown in Fig. 3(a) , the optical absorption coefficients of P-1-2 × 2 bilayer silicene and P1-2 × 1 trilayer silicene are up to ∼ 10 5 cm −1 , one order of magnitude higher than that of GaAs in the energy range of To explore the mechanism of the outstanding optoelectronic properties of multilayer silicene, we have analyzed the corresponding optical transition matrix and the energy bands of them. It is found that the absorption peeks with photon energy smaller than 2.0 (1.0) eV for P-1-2 × 2 bilayer silicene and P1-2 × 1 trilayer silicene (P121/m1-2 × 1 trilayer silicene and P1m1-2 × 1 quadlayer silicene) are mainly attributed to the transitions between the first two valence and conduction bands, especially along the K − J ′ direction in the Brillouin zone.
The Kohn-Sham (KS) orbitals (Fig. 4) further show that these energy bands mainly come from the p z (π) orbitals of the Si atoms at silicene surfaces, which present sp 2 hybridization.
Similar results have also been found in the thicker silicene phases, i.e., the 6-and 8-Si layered 2 × 1 silicene (Fig. S6[37] ). These results clearly show that the promising optical properties of these multilayer silicene phases are induced by the incorporation of sp 2 hybridization. It is known that the materials consisted of pure sp 2 -type (such as monolayer graphene, silicene) and sp 3 -type (such as diamond C, Si) bonds with group IV elements usually have too small and too large direct band gaps for the optoelectronic applications, respectively. A common feature for the multilayer silicene phases with appropriate direct band gaps is the existence of some sp 2 -type bonds in the sp 3 -type bonds dominated system. This kind of configuration can therefore overcome the deficiency on the energy bands of a monotonous s-p hybridized system.
In conclusion, by combining our newly developed global optimization algorithm with first-principles calculations, we have discovered many dynamically stable multilayer silicene phases with different thicknesses and explored the mechanism for their relative stability.
We have clarified that quadlayer is the critical thickness for the structural evolution from silicene to Si(111). Finally, we have found that the multilayer silicene with π-bonded surfaces present outstanding optoelectronic properties due to the incorporation of sp 2 -type bonds in the sp 3 -type bonds dominated system, which lightens an efficient way to the material design for the optoelectronic devices. These findings are also helpful to complete the picture of structure and related property evolution for the strong interlayer-interacted 2DMM.
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